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We identify a highly specific mutation (jf18) in
the Caenorhabditis elegans nuclear envelope
protein matefin MTF-1/SUN-1 that provides
direct evidence for active involvement of the
nuclear envelope in homologous chromosome
pairing in C. elegans meiosis. The reorganiza-
tion of chromatin in early meiosis is disrupted
in mtf-1/sun-1(jf18) gonads, concomitant with
the absence of presynaptic homolog alignment.
Synapsis is established precociously and non-
homologously. Wild-type leptotene/zygotene
nuclei show patch-like aggregations of the
ZYG-12 protein, which fail to develop in mtf-1/
sun-1(jf18) mutants. These patches remarkably
colocalize with a component of the cis-acting
chromosomal pairing center (HIM-8) rather
than the centrosome. Our data on this mtf-1/
sun-1 allele challenge the previously postulated
role of the centrosome/spindle organizing cen-
ter in chromosome pairing, and clearly support
a role for MTF-1/SUN-1 in meiotic chromosome
reorganization and in homolog recognition,
possibly by mediating local aggregation of the
ZYG-12 protein in meiotic nuclei.
INTRODUCTION
To ensure fidelity of homolog separation during meiotic
anaphase I, most organisms rely on a physical linkage
between the two homologous chromosomes. This con-
nection results from homologous recombination events
(crossovers) during prophase I which are cytologically de-
tectable as chiasmata. Interhomolog recombination re-
quires mechanisms that allow homologous chromosomesDeveloto find each other and keep them in close juxtaposition.
Initial interactions are then stabilized by the synaptonemal
complex (SC), which locks the homologs’ axes in a zipper-
like fashion (Petronczki et al., 2003).
Chromosome pairing in most organisms is preceded by
a transient spatial reorganization of chromosomes. Chro-
mosomes attach to the nuclear envelope via their telo-
meres and concentrate in a limited region of the nucleus,
a configuration called the bouquet (Scherthan, 2001). In
budding and fission yeasts, pairing and synapsis are de-
layed in mutants impaired in their telomere attachment,
such as ndj1/tam1, taz1, or rap1 (Chua and Roeder,
1997; Conrad et al., 1997; Cooper et al., 1998; Ding
et al., 2004; Nimmo et al., 1998; Trelles-Sticken et al.,
2000). Besides its involvement in pairing and synapsis,
roles for the bouquet in chromosome interlock resolution,
regulation in recombination, and restriction of ectopic re-
combination have been proposed (Davis and Smith,
2006; Harper et al., 2004; Niwa et al., 2000; Zickler, 2006).
To date, a ‘‘classical bouquet’’ has not been observed in
Caenorhabditis elegans (Phillips and Dernburg, 2006).
Nevertheless, meiotic chromatin adopts an asymmetric
reorganization at the stage when homologous contacts
are established in the transition zone, and mutants defec-
tive in homologous pairing lack this local clustering of
chromosomes (Couteau et al., 2004; Couteau and Zetka,
2005; MacQueen and Villeneuve, 2001; Martinez-Perez
and Villeneuve, 2005). Mutants in REC-8 and SYP-1,
which are structural components of the SC, revealed
that a step of presynaptic alignment can be genetically
separated from synapsis (MacQueen et al., 2002; Pasier-
bek et al., 2001).
In C. elegans, special regions mapping to one arm of
each chromosome have been shown to promote the pair-
ing of homologs. These chromosomal segments have
been termed homology recognition regions (HRRs) or
pairing centers (PCs) (McKim, 2005). Studies with a strain
carrying deletions of the X chromosomal PC suggest both
a role in the maintenance of pairing and promotion of SC
formation (MacQueen et al., 2005). The zinc-finger proteinpmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 873
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Three more zinc-finger proteins, ZIM-1–3, were recently
shown to fulfill analogous functions of promoting pairing
and synapsis for the autosomes (Phillips and Dernburg,
2006).
During the bouquet stage in organisms other than
C. elegans, the area of telomere clusters usually faces
the microtubule organizing center (spindle pole body
[SPB] or centrosome) (Zickler and Kleckner, 1998). In fis-
sion and budding yeasts, components of the SPB, such
as Kms1 or Dot2, are required for bouquet formation (Jin
et al., 2002; Niwa et al., 2000; Shimanuki et al., 1997).
The telomere binding proteins Taz1 and Rap1 are
involved in redistributing the telomeres at the nuclear
envelope in Schizosaccharomyces pombe (Tomita and
Cooper, 2006). Bqt1 and Bqt2 function as linker proteins
between the chromosome ends (via Rap1) and the SPB
component Sad1. The chromosome ends are tethered
to the SPB, thereby generating a connection to a dynein
motor complex associated with Kms1 at the cytoplasmic
side of the nuclear envelope. The N terminus of Sad1
directly interacts with Bqt1. It has been proposed that dy-
nein-driven nuclear movements in concert with bundling
of chromosome ends at the SPB allow a microtubule-
mediated force emanating from the SPB to move the
chromosomes to find their partners (Chikashige et al.,
2006; Tang et al., 2006).
Sad1 belongs to a family of proteins carrying a charac-
teristic SUN (Sad1/UNC84) domain at their C terminus.
One or more transmembrane domains anchor SUN
domain proteins in the inner nuclear membrane, with the
SUN domain likely facing into the perinuclear space
(Tzur et al., 2006b). Here it acts as a nuclear receptor
and targets proteins, mostly bearing a KASH domain, to
the outer nuclear membrane (Jaspersen et al., 2006; Starr
and Fischer, 2005), thereby linking nucleoplasmic activi-
ties to the cytoskeleton. SUN domain proteins are impor-
tant for a number of biological processes, such as nuclear
positioning, centrosome attachment to the nucleus, germ-
cell development, telomere positioning, and apoptosis
(Tzur et al., 2006b).
Matefin (MTF-1)/SUN-1 is a SUN domain-containing
protein of C. elegans which localizes to the inner nuclear
membrane in germ cells and embryos (Fridkin et al.,
2004). One important function of MTF-1/SUN-1 is tomedi-
ate nuclear attachment of the centrosome via the KASH
motif-bearing protein ZYG-12 during pronuclear migration
and subsequent cell divisions (Malone et al., 2003).
In this study, we show thatmtf-1/sun-1 has an essential
role in homologous chromosome pairing in C. elegans
meiosis. Neither presynaptic homologous associations
nor nuclear reorganization is detectable. Therefore, our
functional data support a role for mtf-1/sun-1 in the initial
homolog recognition pathway. Chromosomes rather en-
gage in nonhomologous synapsis. We show that the
SUN domain is required for mediating local nuclear mem-
brane aggregation of the ZYG-12 protein in leptotene/
zygotene nuclei and propose a causal connection to the
process of homolog recognition.874 Developmental Cell 12, 873–885, June 2007 ª2007 ElsevieRESULTS
mtf-1/sun-1(jf18) Contains a Missense Mutation
in the SUN Domain
The jf18 allele of mtf-1/sun-1 was isolated in a forward
genetic screen for mutants defective in meiotic chromo-
some segregation as described in Kelly et al. (2000) and
in Experimental Procedures. Sequence analysis revealed
that jf18 carries a glycine-to-valine exchange at position
311 of MTF-1/SUN-1 (see Figure S1A in the Supplemental
Data available with this article online). The mutation is lo-
cated within the SUN (Sad1/UNC84) domain as defined
by sequence and structure conservation (Figures S1A
and S1B). The reevaluated SUN domain extends beyond
the region previously identified.
In wild-type gonads, the MTF-1/SUN-1 protein is local-
ized to the nuclear membrane of germline nuclei (Fridkin
et al., 2004). In sun-1(jf18) gonads, the MTF-1/SUN-1 pro-
tein was detected at the nuclear envelope with similar
immunofluorescence intensity as the wild-type protein
(Figure 1B), demonstrating that both the localization and
expression of MTF-1/SUN-1 are not affected by the mis-
sense mutation in mtf-1/sun-1(jf18).
mtf-1/sun-1(jf18) Displays a Meiotic Chromosome
Segregation Defect
Dissected and DAPI-stained hermaphrodite gonads of the
mtf-1/sun-1(gk199) and (ok1282) deletion mutants appear
shortened and disorganized. Nuclei are of variable size
and mitotic and meiotic stages are intermingled (Fig-
ure 1A). This is in stark contrast to the well-defined tempo-
ral and spatial order of nuclei within a wild-type gonad: ad-
jacent to the distal tip, cells are going through the mitotic
cell cycle and premeiotic replication. This is followed by
cells in leptotene/zygotene (the transition zone), with
half-moon-shaped chromatin concentrated to one side
of the nucleus. During pachytene, the chromatin redis-
perses and synapsed chromosomes can be visualized
as DAPI-positive parallel tracks. In diplotene, bivalents
condense and individualize, resulting in the formation of
six bivalents (99.38%, n = 160) in diakinesis (Figure 1A,
insertion).
mtf-1/sun-1(jf18) hermaphrodites develop gonads of
normal size and organization with respect to the timely
succession of mitotic and meiotic stages. However, a dis-
tinct transition zone is absent. A few transition zone-like
cells with a polarized chromosomal arrangement (Fig-
ure 1A, red arrows) are distributed over an expanded
area. During diakinesis, elevated numbers of DAPI-posi-
tive structures, ranging from 9 (1.63%, n = 184) to 12 com-
pact bodies (10: 10.33%; 11: 21.74%; 12, 66.3%), can be
observed. In 9.8% of diakinesis nuclei, additional small
DNA fragments are detected (Figure 1A, insertion, yellow
arrow). They disappear in the absence of SPO-11-induced
double-strand breaks (DSBs), suggesting that they result
from unrepaired recombination intermediates (1.43% in
spo-11(ok79); mtf-1/sun-1(jf18), n = 140). jf18 produces
99.93% (n = 2914; 28 hermaphrodites evaluated) inviable
progeny. Embryos are of variable size and multinucleate.r Inc.
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ization
(A) Time course of meiotic prophase I inmtf-1/sun-1(jf18) compared to
deletion alleles and wild-type. In contrast to deletion mutants (gk199
and ok1282), mtf-1/sun-1(jf18) hermaphrodites develop gonads of
normal size and organization with respect to the timely succession of
mitotic and meiotic stages. A distinct transition zone is missing in
mtf-1/sun-1(jf18). Some transition zone-like cells (red arrows) are dis-
tributed over an expanded area of the gonad in mtf-1/sun-1(jf18). De-
letion mutant gonads show nuclei of variable size, and successive mei-
otic stages cannot be distinguished in these gonads. Sixty-six percent
of mtf-1/sun-1(jf18) diakinesis nuclei show 12 DAPI-positive signals
(see insertions to the right), and in about 10%of diakinesis nuclei, small
spo-11-dependent DNA fragments are detected (yellow arrow). Go-
nads were dissected and DAPI stained. The scale bars represent
10 mm.
(B)MTF-1/SUN-1 localizes to the nuclear envelope of germ cells inmtf-
1/sun-1(jf18). Dissected gonads were stained with anti-MTF-1/SUN-1
antibodies. Both the nuclear envelope localization and the signal inten-
sity are comparable in wild-type and mtf-1/sun-1(jf18). The scale bar
represents 10 mm.DeveloAlthough a mutant hermaphrodite descending from a
heterozygous mother can grow to adulthood, it produces
a reduced number of eggs (x = 104.1; SD = 41.6) as com-
pared to wild-type (x = 282.1; SD = 21.8).
In conclusion, mtf-1/sun-1(jf18) displays the typical
features of meiotic pairing mutants such as the absence
of a defined transition zone, an increased number of uni-
valents at diakinesis, and high embryonic lethality.
The Meiotic Program Is Induced with Wild-Type
Kinetics in mtf-1/sun-1(jf18)
As a proliferation defect was suggested for mtf-1/
sun-1(gk199) gonads (Fridkin et al., 2004), we directly
examined premeiotic proliferation in mtf-1/sun-1(jf18) by
incorporating Cy3-labeled dUTP into newly synthesized
DNA strands. Young adult hermaphrodites were injected
with high concentrations of Cy3-labeled dUTP and its in-
corporation was scored in fixed DAPI-stained gonads. La-
beled nucleotides highlighted almost the same number of
distal cell rows in the mutant (x = 24.17) as in the wild-type
(x = 27.5) (Figure 2A). We therefore conclude that mitotic
and premeiotic DNA synthesis are not disturbed in
mtf-1/sun-1(jf18) gonads, allowing correct timely succes-
sion of mitotic and meiotic stages.
We next investigated the expression and localization of
the SC proteins HIM-3 and SYP-1. HIM-3 is an integral
component of the chromosome axis, loads shortly after
entering meiosis, and develops into continuous linear
structures during early prophase to remain associated
with chromosomes until anaphase I (Zetka et al., 1999).
Immunostaining of mtf-1/sun-1(jf18) mutant gonads
shows expression and loading of the protein onto chromo-
somes with the same kinetics as observed for wild-type
(Figure 2B). The HIM-3 staining appears as continuous
stretches along chromatin (Figure 2C) in pachytene nuclei.
SYP-1 is a component of the transversal filaments of the
SC which connect paired chromosomes after loading of
HIM-3 (MacQueen et al., 2002). The consecutive loading
of HIM-3 and SYP-1 (SYP-1 follows HIM-3) appears un-
coupled in mtf-1/sun-1(jf18) (Figure 2B, arrow). In some
cases, SYP-1 polymerization into linear structures proba-
bly precedes HIM-3 axis formation. SYP-1 protein assem-
bles onto chromosomes in thread-like structures compa-
rable to wild-type (Figure 2C). We therefore conclude that
themeiotic program is induced with wild-type kinetics and
the SC components are in place.
Furthermore, we monitored induction of DSBs by cyto-
logical detection of the temporal appearance of the re-
combination protein RAD-51 (Alpi et al., 2003; Colaiacovo
et al., 2003). In wild-type, RAD-51 becomes visible as dis-
tinct foci in nuclei of the transition zone. RAD-51 foci peak
in late zygotene/early pachytene and gradually disappear
during midpachytene. In mtf-1/sun-1(jf18), RAD-51 foci
appeared at the same time in the gonad as in wild-type
(Figure 3B) (in the area corresponding to the postreplica-
tive zone). We observed a peak of detectable RAD-51
foci in wild-type in early pachytene with an average
of five signals per nucleus (Figure 3A). In contrast topmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 875
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(A) Replication and premeiotic divisions are confined to themitotic zone inmtf-1/sun-1(jf18). Replicating cells were highlighted by the incorporation of
dUTP-Cy3. Graphs display the extent of Cy3 incorporation. Cell rows were scored positive for Cy3 incorporation when more than two nuclei were
stained (x axes: nuclear diameters after distal tip cell; y axes: % of gonads scored). Measurement of the Cy3-positive area suggests that the mitotic
zone has about wild-type length inmtf-1/sun-1(jf18) gonads (on average about three cell rows shorter thanwild-type). The scale bar represents 10 mm.
(B) Precocious loading of the SC component SYP-1. In wild-type, linear staining of SYP-1 follows axis staining with HIM-3 in the transition zone (top
panel). In themtf-1/sun-1(jf18)mutant, SYP-1-positive stretches can be detected before HIM-3 axes (bottom panel, highlighted by the white arrow).
The scale bar represents 10 mm.
(C) Axial and lateral components of the SC are loaded inmtf-1/sun-1(jf18). The chromosome axis protein HIM-3 and the SC central component SYP-1
localize to pachytene chromosomes and form extended linear structures in wild-type (top) andmtf-1/sun-1(jf18) (bottom) pachytene nuclei. The scale
bar represents 10 mm.wild-type, RAD-51 foci did not disappear by midpachy-
tene but were still detectable by late pachytene in mtf-1/
sun-1(jf18), reaching a maximum number of up to 20 (Fig-
ure 3A), consistent with an accumulation of RAD-51 on876 Developmental Cell 12, 873–885, June 2007 ª2007 Elseviemeiotic chromatin (in a spo-11-dependent manner; data
not shown). Some foci even persisted until diplotene.
We conclude that DSBs are induced with wild-type timing
but that recombination intermediates persist until later Inc.
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cating a defect in DNA repair.
mtf-1/sun-1(jf18) Is Defective in Homologous Pairing
To assess the establishment of homologous chromosome
associations, we conducted fluorescence in situ hybrid-
ization (FISH) experiments. We used probes detecting
the HRR on chromosome V (5S ribosomal probe) and
the left non-HRR-containing end of chromosome I (probe
F56C11). The degree of pairing of the X chromosome was
monitored by cytological detection of HIM-8, localizing to
the X chromosomal PC (Phillips et al., 2005). To evaluate
the degree of pairing during the successive stages of mei-
otic prophase, we subdivided the gonads into six domains
of equal length and counted the number of paired signals
(Figure 4A). In wild-type nuclei of the proliferative zone
(zone 1), only rare, coincidental homologous associations
are seen for all three chromosomes analyzed. Transition
zone nuclei (corresponding to zone 2 and partially to
zone 3) display synapsis-independent associations in up
to 75% of nuclei (MacQueen et al., 2002; Pasierbek
et al., 2001). SC-mediated pairing is achieved further on
Figure 3. Analysis of RAD-51 Staining from the Distal Tip to
the Beginning of Diplotene
(A) In contrast to wild-type, RAD-51 foci persist until late pachytene in
mtf-1/sun-1(jf18). Up to six foci are seen in early to midpachytene in
wild-type (left). RAD-51 foci accumulate in mtf-1/sun-1(jf18) gonads.
Approximately 20 RAD-51 signals are detected in late pachytene of
mtf-1/sun-1(jf18) gonads (right). The scale bar represents 10 mm.
(B) Position and extent of the RAD-51-positive region (green bars) in
the gonads of wild-type andmtf-1/sun-1(jf18)mutant animals. Gonads
were measured from the distal tip cell to the end of the pachytene zone
and normalized, and the borders of the RAD-51-positive region (de-
fined as an area where a majority of nuclei have at least one signal)
were entered.Develoin zones 4–6 with 100% of paired signals. In mtf-1/
sun-1(jf18) gonads, the number of paired signals never
exceeds the degree of pairing seen in the mitotic zone.
Anti-HIM-8 and -LMN-1 staining demonstrate that the X
chromosome remains unpaired, but the chromosome
ends localize to the nuclear envelope (Figure 4B).
Because even presynaptic alignment is absent inmtf-1/
sun-1(jf18) mutant gonads, we infer that a fully functional
SUN domain is required for chromosomes to recognize
their homologous partners.
Nonhomologous Synapsis Is Established
in mtf-1/sun-1(jf18)
At the pachytene stage of meiotic prophase, full levels
(99.7%) of homologous synapsis are reached in wild-
type (Figure 4C). Costaining of mutant gonads with anti-
SYP-1 and -HIM-8 antibodies revealed that unpaired
HIM-8 signals colocalize with SYP-1 stretches (Figure 4C)
in 95.3% of analyzed mtf-1/sun-1(jf18) nuclei. This sug-
gests that chromosomal loci become synapsed, but not
with their respective homologs.
Becausemtf-1/sun-1(jf18) does not display presynaptic
alignment, it appears as thoughmtf-1/sun-1(jf18) chromo-
somes are unable to recognize their homologous partner
and that synapsis is established randomly due to the in-
herent property of the SC transverse filaments to attach
to chromosome axes (Loidl, 1991). Alternatively, prema-
ture assembly of the SC might stabilize nonhomologous
associations in mtf-1/sun-1(jf18) gonads. To distinguish
between these two possibilities, we determined the level
of pairing in an mtf-1/sun-1(jf18); syp-2(ok307) double-
mutant background, which is unable to achieve synapsis,
thereby avoiding nonhomologous contacts to be ‘‘trap-
ped’’ by precocious SC formation (Colaiacovo et al.,
2003).Whereas the percentage of paired HIM-8 signals in-
creased in the double mutant as compared to the single
mtf-1/sun-1(jf18) mutant, the level of pairing observed
for the syp-2(ok307) single mutant was not reached
(Figure 4D). This places mtf-1/sun-1 upstream of syp-2
and is consistent with the lack of a transition zone in the
double mutant (data not shown).
We also tested the level of pairing by FISH analysis,
using the 5S autosomal probe. In the mtf-1/sun-1(jf18);
syp-2(ok307) doublemutant, pairing rose to an even lesser
extent as observed for the X chromosome. Together, we
conclude that homologs are unable to recognize each
other in the first place rather than being prevented from
pairing by precocious indiscriminate SC formation.
The Meiotic Pairing Checkpoint Is Not Activated
in mtf-1/sun-1(jf18)
The study of apoptosis inmtf-1/sun-1(jf18) gonads is inter-
esting for two reasons. First, the mtf-1/sun-1 gene has
been implicated in the execution of apoptosis itself by
translocating CED-4, a core component of the apoptotic
machinery, to the nuclear envelope (Tzur et al., 2006a).
Second, it is interesting to analyze whether the DNA dam-
age or the pairing checkpoint is activated in the presence
of nonhomologous synapsis (Meier and Gartner, 2006).pmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 877
Developmental Cell
Homolog Recognition in C. elegans878 Developmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc.
Developmental Cell
Homolog Recognition in C. elegansTo test apoptosis, we soaked staged young adults with
the nucleic acid staining dye acridine orange and scored
apoptotic germline cells (Gartner et al., 2004).
As listed in Table 1,mtf-1/sun-1(jf18)mutants display el-
evated levels of apoptosis. On average, 12.4 ± 4.7 apopto-
tic nuclei are counted per gonad arm (n = 57), which is
comparable to levels induced in the syp-2(ok307) mutant
(11.4 ± 5.5 nuclei, n = 15). In contrast, only 6.5 ± 2.0 (n =
48) and 4.6 ± 2.3 (n = 22) nuclei are apoptotic in the
wild-type and spo-11(ok79), respectively. Apoptotic levels
drop to the same level of 4.0 ± 1.9 acridine orange-positive
bodies in the mtf-1/sun-1(jf18); spo-11(ok79) double mu-
tants (n = 41). Consistently, the inactivation of the meiotic
pairing checkpoint pch-2(tm1458) in mtf-1/sun-1(jf18)
does not change apoptotic levels (11.7 ± 4.4, n = 22).
Altogether, this suggests that elevated germline apo-
ptosis in themtf-1/sun-1(jf18)mutant exclusively depends
on the induction of DSBs and that the pch-2-dependent
pairing checkpoint is not activated.
ZYG-12 Localization to the Nuclear Envelope
in Germline Nuclei Is Strongly Reduced
in mtf-1/sun-1(jf18)
The zyg-12 gene produces three alternatively spliced iso-
forms (A, B, C), which are identical over the first 730 amino
acids. At their C terminus, only the longer isoforms B and
C carry a predicted transmembrane domain that is fol-
lowed by a KASHmotif. A GFP fusion expressing isoforms
B and C can be detected both at the nuclear envelope and
the centrosome, whereas isoform A is only found at the
centrosome (Malone et al., 2003).
A ZYG-12 antibody directed against the N terminus de-
tecting all isoforms strongly stains the nuclear envelope in
germline nuclei in the wild-type (Malone et al., 2003). In
contrast, in mtf-1/sun-1(jf18), ZYG-12 staining is stronglyDeveloreduced if not absent at the nuclear envelope. Rather, it
forms bright dots displaced from the nuclear envelope;
some are clearly in the cytoplasm or endoplasmic reticu-
lum (Figure 5A). This observation was confirmed by the
detection of GFP fusion proteins expressing the A, B,
and C isoforms (referred to as ZYG-12A,B,C::GFP). Inter-
estingly, the GFP-tagged version of ZYG-12 allows a de-
tection of ZYG-12 at a higher resolution. In the transition
zone, the GFP fusion proteins can be detected in areas
with intensified staining, and one to three of these patches
are observed per nucleus (Figure 5A). Comparable aggre-
gates could also be observed for MTF-1/SUN-1::GFP at
the same meiotic stage (data not shown). ZYG-12A,B,
Table 1. Germline Apoptosis inmtf-1/sun-1(jf18)
Acridine Orange-Positive Nuclei/Gonad Arm
Wild-type 6.46 ± 2.01 n = 48
mtf-1/sun-1(jf18) 12.37 ± 4.74 n = 57
spo-11(ok79) 4.64 ± 2.3 n = 22
mtf-1/sun-1(jf18); spo-11(ok79) 4.02 ± 1.89 n = 41
syp-2(ok307) 11.4 ± 5.53 n = 15
mtf-1/sun-1(jf18); pch-2(tm1458) 11.73 ± 4.41 n = 22
pch-2(tm1458) 5.9 ± 2.49 n = 25
Age-matched hermaphrodites were stained with acridine or-
ange and apoptotic corpses were counted per gonad arm.
The level of apoptosis in mtf-1/sun-1(jf18) mutants is compa-
rable to syp-2(ok307), which lacks the homologous partner for
the repair process. Apoptosis in mtf-1/sun-1(jf18) is depen-
dent on the induction of DSBs. spo-11(ok79); mtf-1/sun-
1(jf18) double mutants display apoptotic bodies comparable
to the spo-11(ok79) single mutant. Elimination of the pch-2
checkpoint in mtf-1/sun-1(jf18) does not affect apoptosis.Figure 4. Analysis of Homologous Pairing in mtf-1/sun-1(jf18)
(A)mtf-1/sun-1(jf18)mutants are defective in homologous pairing. Gonads were divided into six zones (x axes), and the percentage of paired signals
(y axes) was determined by scoring FISH signals with probes to the 5S ribosomal locus (chromosome V/HRR; zone 1: n = 81 [wild-type]/62 [mtf-1/
sun-1(jf18)], zone 2: 106/205, zone 3: 126/274, zone 4: 145/277, zone 5: 129/118, zone 6: 76/79) and a probe (cosmid F56C11) to the left end of chro-
mosome I (chromosome I/non-HRR; zone 1: n = 30 [wild-type]/74 [mtf-1/sun-1(jf18)], zone 2: 40/43, zone 3: 53/93, zone 4: 70/100, zone 5: 84/72, zone
6: 48/30). Immunostaining against HIM-8 protein detects pairing at the HRR of the X chromosome (zone 1: n = 71 [wild-type]/77 [mtf-1/sun-1(jf18)],
zone 2: 202/135, zone 3: 210/176, zone 4: 175/156, zone 5: 114/100, zone 6: 38/58). Zones 1 and 2 contain cells from the mitotic zone; transition zone
cells are mainly scored in zone 2 and to a lesser extent in zone 3. Zones 4–6 are composed of pachytene cells. Note that the level of paired signals in
mtf-1/sun-1(jf18) never rises above the levels of random associations in mitosis. Therefore, mtf-1/sun-1(jf18) mutants do not establish presynaptic
alignment.
(B) Pachytene (top) and transition zone (bottom) nuclei probedwith probes against 5S rDNA (top) and anti-HIM-8 antibody (bottom). Signals are paired
in the wild-type, whereas signals inmtf-1/sun-1(jf18) are unpaired. Nuclei with highlighted HIM-8 are costained with anti-LMN-1 to mark the nuclear
envelope. Note that even unpaired HIM-8 signals are still detectable in close proximity to the nuclear envelope. The scale bar represents 5 mm.
(C) Synapsis is nonhomologous inmtf-1/sun-1(jf18). Top: pachytene cells were immunostained for SYP-1 andHIM-8. Inmtf-1/sun-1(jf18), themajority
of signals can be detected in association with SYP-1. The scale bar represents 10 mm. Bottom: quantification of scored signals—categories counted
were: 1 (orange), HIM-8 signals paired in association with SYP-1; 2 (violet), HIM-8 signals paired, no association with SYP-1; 3 (red), HIM-8 signals
unpaired, both signals in association with SYP-1; 4 (light blue), HIM-8 signals unpaired, no association with SYP-1; and 5 (purple), HIM-8 signals un-
paired, one signal in association with SYP-1.
(D) Preventing SC formation slightly improves pairing of the X chromosome and to a lesser extent pairing of an autosome in mtf-1/sun-1(jf18). In
contrast to syp-2(ok307), however, a prolonged transition zone is not seen inmtf-1/sun-1(jf18); syp-2(ok307) (data not shown). Gonads were divided
into six zones (x axes) and the percentage of paired signals (y axes) was determined by scoring FISH signals with probes to the 5S ribosomal locus
(chromosome V/HRR; zone 1: n = 53 [syp-2(ok307)]/33 [mtf-1/sun-1(jf18); syp-2(ok307)], zone 2: 62/39, zone 3: 55/44, zone 4: 63/67, zone 5: 67/51,
zone 6: 35/35) and HIM-8 signals (chromosome X/HRR; zone 1: n = 70 [syp-2(ok307)]/79 [mtf-1/sun-1(jf18); syp-2(ok307)], zone 2: 124/125, zone 3:
172/134, zone 4: 186/122, zone 5: 116/88, zone 6: 39/63). Quantification of pairing levels reveals that inhibition of SC formation ameliorates the extent
of X chromosomal homologous associations and to a lesser extent associations of LGV.pmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 879
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(A) Nuclear envelope localization of ZYG-12 is reduced inmtf-1/sun-1(jf18). Left: immunostaining with anti-ZYG-12. The ZYG-12 protein is detectable
at the nuclear envelope in wild-type germ cells (top). ZYG-12 staining is strongly reduced at the nuclear envelope inmtf-1/sun-1(jf18) gonads (bottom).
The protein can be detected released from the nuclear envelope in the cytoplasm. Transition zone nuclei are shown. Right: ZYG-12A,B,C::GFP iso-
forms detected with anti-GFP. Wild-type transition zone nuclei (top) show staining at the nuclear envelope with local enrichment of the signal. One to
three of these membrane aggregates (yellow arrows) can be detected per nucleus. In mtf-1/sun-1(jf18) (bottom), most of the signal at the nuclear
envelope is lost and forms bright dots.
(B and C) Localization of the centrosome. Centrosomes were detected with anti-SPD-5. (B) In wild-type embryos, centrosomes are in close proximity
to the nuclear envelope in interphase (top). Centrosomes detach from nuclei inmtf-1/sun-1(jf18) embryos (bottom). (C) The centrosomal component
SPD-5 is detectable in close proximity to the nuclear envelope (MTF-1/SUN-1) in wild-type and mtf-1/sun-1(jf18) gonads.
(D) Colocalization of the nuclear membrane aggregates of ZYG-12 with the PC/HRR component HIM-8. Wild-type transition zone nuclei are shown.
ZYG-12 nuclear membrane aggregates are highlighted with anti-GFP in the ZYG-12A,B,C::GFP line. Of HIM-8 signals, 94.5% (n = 110) show colo-
calization with a ZYG-12 nuclear membrane aggregate. HIM-8 signals were vertically shifted to demonstrate the colocalization more clearly.
The scale bars represent 10 mm.C::GFP cannot be detected at the nuclear envelope in the
mtf-1/sun-1(jf18) background, and the ZYG-12 nuclear
envelope-associated aggregates are lost (Figure 5A),
although the transgene is expressed in the mtf-1/
sun-1(jf18) mutant background (see Figure S2).
Coimmunostaining of HIM-8 and ZYG-12A,B,C::GFP
in wild-type revealed a colocalization of HIM-8 with a880 Developmental Cell 12, 873–885, June 2007 ª2007 ElsevieZYG-12 aggregate in 94.5% (n = 110) of transition zone
nuclei (Figure 5D).
We hypothesize that the colocalization of a PC compo-
nent and a ZYG-12 patch is of functional significance for
the establishment of a chromosomal arrangement that
promotes homologous pairing. The absence of ZYG-12
nuclear membrane aggregates in the mtf-1/sun-1(jf18)r Inc.
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failure in homolog recognition.
A Spatial Correlation between the Centrosome
and ZYG-12/HIM-8 Aggregations Is Absent
We wanted to determine whether the absence of ZYG-12
at the mtf-1/sun-1(jf18) nuclear envelope causes centro-
somes to lose attachment to the nuclear envelope. As a
centrosomal marker, we used antibodies against the cen-
trosome maturation protein SPD-5, which localizes within
the pericentriolar material (Hamill et al., 2002). Consistent
with the model for ZYG-12/MTF-1-dependent centro-
some attachment to the nucleus, we found centrosomes
detached from the nucleus in mtf-1/sun-1(jf18) embryos.
Figure 5B shows wild-type and mutant embryos in the
stages of the cell cycle where centrosomes would be at-
tached in wild-type (pronuclear migration or interphase).
Although the first meiotic division is acentriolar in the fe-
male germline, centrosomes (or remnants thereof) can
be detected in close proximity to germline nuclei until
the end of pachytene in wild-type. SPD-5 signals in the
germline and embryos overlap with SAS-4 (a centriolar
component) and TBG-1::GFP (g-tubulin::GFP) signals
(data not shown). In contrast to early embryos, the SPD-5
signal remains closely associated with the nuclear mem-
brane in nuclei of the mutant germline, even when prepa-
rations were harshly treated to release nuclei from the
germline syncitium (Figure 5C). Strikingly, costaining of
SPD-5 and ZYG-12A,B,C::GFP revealed that ZYG-12
nuclear membrane aggregates fail to colocalize with the
centrosome (colocalization of 7.6%, n = 92) in wild-type,
which is consistent with the lack of overlap of HIM-8 and
SPD-5 signals (data not shown). Altogether, this shows
that cis-acting components of chromosomal PCs (such
as HIM-8) show a strong colocalization with ZYG-12 nu-
clear membrane aggregates rather than with the centro-
some itself.
DISCUSSION
The C. elegans germ cell-specific nuclear envelope pro-
tein MTF-1/SUN-1 has been reported to play a role in
germline development, centrosome attachment to the nu-
cleus, and apoptosis (Tzur et al., 2006b). The mtf-1/sun-1
allele jf18 bearing a missense mutation in the SUN domain
substantiates a role forMTF-1/SUN-1 in establishing initial
homologous contacts in female meiotic prophase I.
The Meiotic Time Course in mtf-1/sun-1(jf18)
In contrast to very severe germline defects observed in
two independent mtf-1/sun-1 deletion alleles, the meiotic
program is initiated with wild-type kinetics in mtf-1/sun-
1(jf18). Mutant gonads are of normal size and display nor-
mal organization with respect to the timely succession of
mitotic and meiotic nuclei. Both premeiotic cell divisions
and replication are confined to the same compartment in
the mutant gonad as in wild-type. Lateral and central ele-
ment proteins of the SC are expressed and loaded onto
chromatin during leptotene/zygotene, although the properDevelosuccession of loading (HIM-3 before SYP-1) appears dis-
turbed. Our study clearly shows that MTF-1/SUN-1 is not
essential for the establishment of synapsis.
Recombination appears to be initiated as recombina-
tion intermediates, detectable as RAD-51 foci, appear at
the same stage as in wild-type, although they accumulate
and persist even until diplotene (data not shown). In this
mutant background, the barrier to use the sister as a repair
template seems to be sustained. Absence of RAD-51 foci
at diakinesis, however, suggests that the breaks are even-
tually repaired, or alternatively that RAD-51 is displaced
from chromatin.
Nonhomologous Pairing in mtf-1/sun-1(jf18)
During the entire prophase I, the degree of homologous
associations never rises above the level scored in the pre-
meiotic zones. Neither presynaptic alignment nor clear
nuclear reorganization is detectable. Chromosomes
proceed into nonhomologous synapsis immediately after
replication.
Suppressing potentially erroneous synapsis in the
absence of SYP-2 moderately improves pairing in the
mtf-1/sun-1(jf18) mutant. In the mtf-1/sun-1(jf18); syp-
2(ok307) double mutant, the polarized appearance of
chromatin as observed in the syp-2(ok307) mutant is not
restored, placingmtf-1/sun-1 upstream of synapsis initia-
tion. The fact that homolog associations cannot be fully
restored in the double mutant clearly assigns a role in
homolog recognition to mtf-1/sun-1. We speculate that
prolonging the time window for establishing homologous
contacts causes the slight amelioration of homologous
pairing in the double mutant.
Extensive nonhomologous synapsis has also been ob-
served in the htp-1 mutant, where SC components are
prematurely loaded onto chromatin. The HTP-1 protein
is believed to inhibit SC assembly until true homologous
contacts have been established (Martinez-Perez and Ville-
neuve, 2005). The observation that chromosomes engage
in nonhomologous synapsis inmtf-1/sun-1 (accompanied
by the uncoupling of consecutive HIM-3 and SYP-1 load-
ing) would mean that HTP-1-mediated inhibition of SC as-
sembly is not active in this mutant background. Figure 6
shows an illustrative model indicating that mtf-1/sun-1
acts upstream or is part of a checkpoint that monitors syn-
apsis to take place only between respective homologs.
Germline Apoptosis in mtf-1/sun-1(jf18)
Recently, a role for MTF-1/SUN-1 in apoptosis has been
demonstrated (Tzur et al., 2006a). We could show that
the mutation in the SUN domain in mtf-1/sun-1(jf18)
does not affect the induction of germline apoptosis.
Indeed, we scored apoptotic levels comparable to SC
mutants. By eliminating SPO-11-induced DSBs in mtf-1/
sun-1(jf18), apoptosis is reduced to the same levels as
in the spo-11(ok79) mutant. We therefore suggest that it
is the DNA damage rather than the pch-2-dependent
meiotic pairing checkpoint which is active in mtf-1/sun-
1(jf18). In addition, the pairing checkpoint is not active in
the htp-1(gk174) mutant (data not shown). Possibly fullpmental Cell 12, 873–885, June 2007 ª2007 Elsevier Inc. 881
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checkpoint. Alternatively, it has been shown that the ab-
sence of both X chromosomal PCs or a him-8 mutant
background does not activate the pch-2-dependent
checkpoint. The mutant background of mtf-1/sun-1(jf18)
might mimic a situation of ‘‘absence of both PCs.’’
Effect of a Mutated SUN Domain on ZYG-12
The mutant protein in mtf-1/sun-1(jf18) has a missense
mutation in the SUN domain which does not alter the sub-
cellular localization of the protein to the nuclear envelope.
However, ZYG-12 cannot (or only very weakly) be de-
tected at the nuclear envelope inmtf-1/sun-1(jf18)mutant
gonads. mtf-1/sun-1(jf18) mutant hermaphrodites pro-
duce over 99% dead embryos. Centrosome detachment
from the nuclear envelope in embryos in addition to aneu-
ploidy due to meiotic chromosome missegregation most
likely accounts for the high lethality.
Figure 6. Illustrative Model for MTF-1/SUN-1’s Potential Role
in the Homolog Search
During zygotene, chromosomes attach to the nuclear envelope (via still
uncharacterized factors, factor X) inC. elegans. MTF-1/ZYG-12 aggre-
gates form where PC proteins, such as HIM-8, preferentially localize. It
remains to be shown whether PC proteins cause aggregate formation
or whether PC proteins are attracted to the MTF-1/ZYG-12 aggre-
gates. MTF-1/ZYG-12 aggregates do not coincide with centrosomes
which do not contribute any obvious activity for homolog recognition
in worms. Chromosome movement during zygotene enables chromo-
somes to meet their respective partners. At MTF-1/ZYG-12 aggre-
gates, chromosomes perform a homology check. If theymatch, move-
ment is ceased and synapsis can start. If the homology match fails,
movements and the homology search continue. In the mtf-1/sun-
1(jf18) mutant, ZYG-12 nuclear envelope aggregates do not form
and therefore the homology check cannot be performed, resulting in
nonhomologous synapsis. For simplicity, only two chromosomes are
drawn. INM, inner nuclear membrane; ONM, outer nuclear membrane.882 Developmental Cell 12, 873–885, June 2007 ª2007 ElseviePremeiotic divisions appear to take place normally, as
no aneuploidy could be detected by FISH (data not
shown). Additionally, the centrosome could always be
detected in close proximity to the nuclear envelope in the
whole gonad of mtf-1/sun-1(jf18) mutants. Most likely, ei-
ther premeiotic divisions do not strictly depend on mtf-1/
sun-1 or sufficient maternally provided wild-type product
is available from the heterozygously balanced mother to
perform these divisions.
The Centrosome Itself Does Not Contribute
to Pairing
This study shows that there is no colocalization of the cen-
trosomewith the X chromosomal PC in the transition zone.
However, HIM-8 rather colocalizes with nuclear mem-
brane aggregates of ZYG-12 in the transition zone, where
homologous pairing is initiated. This local aggregation of
ZYG-12 depends on a functional SUN domain, thereby
suggesting a causal relationship to the presynaptic align-
ment of homologous chromosomes in leptotene/zygotene
in C. elegans. Temperature-shift experiments of a zyg-12
ts allele resulting in loss of chromosome pairing support
this causal connection (data not shown). The observation
that the centrosome itself might not play a role in homolo-
gous pairing has been substantiated by the analysis of
centrosomemutants such as spd-2 ts and spd-5 ts, where
we did not observe a pairing defect (data not shown).
The insignificance of the centrosome is at variance with
observations in yeasts and animals, where the centro-
some’s counterparts are crucial for the organization of
the bouquet that facilitates chromosome pairing. Interest-
ingly, plants do not have a defined microtubule organizing
center at the bouquet stage, but low concentrations of
colchicine can inhibit telomere movement followed by de-
fects in synapsis (Cowan and Cande, 2002). This repre-
sents another example that the centrosome itself might
not provide the components to facilitate the search for
homologous chromosomes.
ZYG-12 has been shown to interact with the dynein sub-
unit (DLI-1). Localization of dynein to the nuclear envelope
is dependent on zyg-12 (Malone et al., 2003). The fact that
dynein is a microtubule motor protein reinforces the spec-
ulation that mtf-1/sun-1-dependent local aggregation of
ZYG-12 generates dynein-dependent microtubule forces
that support the chromosome movement necessary for
homolog recognition. Nonhomologous synapsis in mtf-1/
sun-1(jf18) suggests that this force acts in a way inhibitory
to the establishment of synapsis unless true homologs are
juxtaposed (Figure 6).
The finding that HIM-8 signals are detectable close to
the nuclear envelope inmtf-1/sun-1(jf18) is in accordance
with a previous observation that tethering chromosome
ends to the nuclear envelope is not sufficient to accom-
plish chromosome pairing (Phillips et al., 2005).
Here we have shown that a mutation in mtf-1/sun-1’s
SUN domain results in the absence of presynaptic align-
ment and meiotic nuclear reorganization. Thus, the
nuclear envelope protein MTF-1/SUN-1 is absolutely re-
quired for meiotic chromosomes to find their homologousr Inc.
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quet mutants (such as sad1 and ndj1) which display
a more moderate defect, only a delay in pairing. Yeasts
most likely also rely on recombination-dependent homol-
ogy search mechanisms. It will be interesting to see how
SUN domain proteins from higher vertebrates functionally
relate to matefin/SUN-1. Strikingly, the vertebrate nuclear
envelope protein Sun2 concentrates to nuclear envelope
attachment sites of meiotic telomeres (Schmitt et al.,
2007).
EXPERIMENTAL PROCEDURES
Nematode Strains and Culture Conditions
All C. elegans strains were cultured using standard techniques
(Brenner, 1974).
The following C. elegans strains were used: N2 Bristol, TY2441
(a kind gift of Anne Villeneuve), VC292 mtf-1/sun-1(gk199) (Fridkin
et al., 2004), RB1276mtf-1/sun-1(ok1282), AV106 spo-11(ok79) (Dern-
burg et al., 1998), AV276 syp-2(ok307) (Colaiacovo et al., 2003), CA388
pch-2(tm1458) (Bhalla and Dernburg, 2005) and WH223 ojIs9 [zyg-
12ABC::GFP unc-119(ed3)]; unc-119(ed3) (provided by Chris Malone)
(Malone et al., 2003), and OD44 GFP::TBG-1 (provided by Alex Dam-
mermann). Some nematode strains used in this work were provided
by the Caenorhabditis Genetics Center, which is funded by the NIH
National Center for Research Resources.
The mtf-1/sun-1(jf18) allele was recovered from an ethane methyl
sulfonate (EMS) mutagenesis screen performed with the strain
TY2441. After EMS mutagenesis, F1 individuals were single plated
and F2 hermaphrodites were scored for the occurrence of green
eggs (expressing pxol-1::GFP). Meiotic mutants were recovered as
heterozygously balanced animals. By using the SNP-Snip mapping
technique, we could locate the mutation on LGV right arm. In more de-
tail, jf18 mapped to a 567 kb region on segment 13 (http://genome.
wustl.edu/genome/celegans/celegans_snp.cgi/). The whole mutant
locus (mft-1/sun-1(jf18)) has been sequenced multiple times and has
only this G-to-V transition. No additional deviations from the wild-
type sequence have been found. The mtf-1/sun-1(jf18) allele fails to
complement the two deletion alleles mtf-1/sun-1(gk199) and mtf-1/
sun-1(ok1282). The mutant allele was 53 outcrossed and balanced
by the nT1[qIs51] (IV;V) balancer. All analyses presented were carried
out with homozygous hermaphrodites descending from balanced
mothers.
In Situ Detection of DNA Replication by Incorporation of dUTP
Gonads of immobilized animals were injected with 300 pM Cy3-
labeled dUTP (AmershamBiosciences, Little Chalfont, UK) in phosphate
buffer (pH 7). Worms were recovered in M9 buffer for 30 min and then
transferred to a plate. Gonads were dissected and DAPI stained (see
below) after about 2 hr of exposure to the nucleotides. The incorpora-
tion of nucleotides into nuclear DNA was directly observed by fluo-
rescence microscopy. For the wild-type as well as for the mtf-1/
sun-1(jf18) mutant, 12 gonads were evaluated (from 11 independent
hermaphrodites for wild-type and 10 for the mutant).
Cytological Preparation of Gonads and Immunostaining
Hermaphrodite gonads were dissected and fixed as described in
Martinez-Perez and Villeneuve (2005). For chromatin staining, the
preparations were mounted in Vectashield antifading medium (Vector
Laboratories, Burlingame, CA) containing 2 mg/ml 40,6-diamidino-
2-phenylindole (DAPI).
For immunostaining, gonads were blocked in 3% BSA/13 PBS
for 20 min. The primary antibodies were applied overnight at 4C.
Antibodies were diluted in 13 PBS/0.01% sodium azide as follows:
anti-SYP-1 1:50, anti-RAD-51 1:80, anti-HIM-3 1:400, anti-HIM-8
1:500, anti-ZYG-12 1:150, anti-LMN-1 1:400, anti-MTF-1/SUN-1Develo(antibody against an N-terminal peptide) 1:100, anti-GFP 1:300, anti-
SAS-4 1:200, and anti-SPD-5 1:2000.
After three washes in 13 PBST (13 PBS, 0.1% Tween 20), second-
ary antibodies were applied (anti-rabbit-FITC 1:300, anti-rabbit-Alexa
488 1:400, anti-rabbit-DyLight 1:600, anti-guinea pig-Alexa 568
1:500, anti-rat-Cy3 1:300, and anti-goat-Alexa 488 1:400) for 90 min
at room temperature. After washes in PBST, samples were mounted
as above.
Fluorescence In Situ Hybridization
The cosmid F56C11 and PCR-amplified 5S rDNAwere used as probes
for the left end of chromosome I and the right end of chromosome V.
Cosmid DNAwas labeled with digoxigenin-11-dUTP using the BioNick
Labeling system (Life Technologies, Rockville, MD). The 5S rDNA was
labeled by PCR with digoxigenin-11-dUTP.
FISH was performed as described in Pasierbek et al. (2001). Hybrid-
ized digoxigenin-labeled probes were detected with FITC-conjugated
anti-digoxigenin antibodies (1:100). Preparations were mounted in
Vectashield/DAPI.
Microscopy and Evaluation
A Zeiss Axioskop epifluorescencemicroscope was used. Imageswere
recordedwith a cooled CCD camera (Photometrics, Tucson, AZ). Eval-
uation of cytological phenotypes was performed in animals kept
at 20C 18–24 hr post-L4. Three-dimensional stacks of images
were taken (MetaVue software, Universal Imaging, Downingtown,
PA), deconvolved (AutoDeblur software, AutoQuant Imaging, Troy,
NY), and projected (Helicon Focus software; http://helicon.com.ua/
heliconfocus/). Artificial coloring and merging were undertaken with
the help of Adobe Photoshop 7.0 software (Adobe Systems).
Monitoring Apoptotic Germline Nuclei
Worms were selected on 35 mm plates and placed into 0.5 ml acridine
orange staining solution (Molecular Probes A-3568, 50 mg/ml in M9
buffer; Molecular Probes, Paisley, UK), kept in the dark for 1 hr, and
then washed with M9 and transferred to a new plate and scored after
45 min (Gartner et al., 2004).
Supplemental Data
Supplemental Data include two figures and are available at http://
www.developmentalcell.com/cgi/content/full/12/6/873/DC1/.
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